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I. INTRODUCTION

The collective bremsatrahlung recoil force on a relativistic test particle

* participating in a bremsstrahlung process in a nonequilibrium relativistic

beam-plasma system is given by
I'2

= -f (2w)- 9 d3  3 d3  d3 t _(t - f)_( f+
(1)

x V ' p(*K,Z)Nj6(wk - *Kv+ (K- f-

Here, V2 + (kt)6 - Z -+is the bremsstrahlung transition

rate (probability per unit time) for scattering of particles of species a and

8, velocities va and vo, and momenta p, and po, where the scattering produces

momentum transfer t and the emission of a photon in mode a with wave vector

and frequency w4; NE is the photon (plasmon) distribution function; and f+

is the charged particle distribution function. Here and throughout, the units

.. are chosen such that 1 - 1. In this report equation (1) is derived from first

principles. This expression is useful in obtaining an expression for the

collective bremsstrahlung transition rate by direct comparison with another
expression for the collective bremsstrahlung recoil force, which is determined

from the equation of motion for a dynamically polarized test particle under-

going bremstrahlung.1,2 This transition rate is important in calculations of

collective bremsstrahlung and the conditions for the occurrence of the brems-

strahlung radiative instability in relativistic beam-plasma systems (see the

work of Akopyan and Tsytovich, Selected Bibliography).

In section 2 the particle balance equations, including bremsstrahlung and

inverse bremstrahlung processes, are derived in term of the basic brems-

strahlung transition rate. In section 3, the soft photon or quasiclassical

limit of these equations is obtained and separated into spontaneous and

IV. N. Taytovich, Bremsstrahlung of a Relativistic Plasma, Tr. Fiz. Inst.
Akad. Nauk SSSR, 66 (1973), 191 [Proc (TRUDY) of P. N. Lebedev Physics Inst.,''. 66 (1975), 1991.

2A. V. Akopyan and V. N. Tsytovich, Bremsstrahlung in a Nonequilibrium
* Plasma, Fiz. Plasmy, 1 (1975), 673 (Soy. J. Plasma Phys., 1 (1975), 371).
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induced contributions. Expressions are obtained for the diffusion coefficient

and induced recoil force due to induced bremsstrahlung. In section 4, the

general form of the induced recoil force is determined in terms of the brems-

strahlung radiation field, particle distributions, dielectric permittivity,

and bremsstrahlung transition rate. Section 5 summarizes the main results of

the derivation.

2. PARTICLE BALANCE EQUATIONS

We here derive the particle balance equations in terms of the basic brems-

strahlung transition rate, for beam-plasma configurations in which bremsstrah-

lung and inverse bremsstrahlung are the dominant processes. For this purpose,

consider the elementary bremsstrahlung process depicted in figure 1. Here a

particle of species a and momentum h scatters off a particle of species 8 and

momentum Po and emits a photon of momentum io Figure 1 is not a Feynman

diagram since it represents the probability for the process and not its ampli-

tude. If the momentum decrease of particle a is denoted by i, then the momen-

tum Ph of particle a after the collision is given by

(2) a

Then, by conservation of momentum, the momentum of particle B after the colli-

sion is given by

(3)

- ;Figure 1. Elementary
bremsstrahlung process which

-Iik) =  iI removes pac.particles of speciesafrom poin in momentum

. - space*•
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The quantity ,P('k" is the probability per unit time that in the scatter-

ing of a particle of the species a and initial momentum P. off a particle of

species B and initial momentum Pat a photon of momentum k in mode a is emit-

ted, and there occurs momentum transfer + -K to particle a. By time-reversal
invariance, the transition rate for the inverse process (in which a particle
of momentum P. absorbs a photon of momentum k and scatters off a particle of
momentum Po with momentum transfer Z to particle a) is then given by

2 P _+c.K,k,. This process is depicted in figure 2 in the leftmost
figure, which is the time-reversed process of the figure to its right; there-

vfore, the transition probabilities of the two processes are equal. The
inverse process is denoted by w +, + ,,k) in the notation of figure 1.
The equality of the probabilities of the direct and inverse processes due to
time-reversal invariance is also known as the principle of microscopic revers-

ibility or reciprocity, and leads to the principle of detailed balance. The

processes of figures I and 2 both deplete the density of particles of type a
at point in momentum space by adding or subtracting momentum.

+- + T Figure 2. Inverse bremsstrahlung
process which removes particles of
species a from point p in momentum

* space. First equality follows from
i time-reversal invariance.

The particle density at point P. increases because of the following two
processes. The inverse process to that in figure I produces gain at point
Da" By time-reversal invariance, this is again given by wV,+ (;'), as

depicted in figure 3. Similarly, the time reversal of the process in figure 2
also particles point with transition rate w +
als add. atce at pitP.+,,+t+Aa

depicted in figure 4.
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Fiure 3. This process adds particles at point

p. in a momentum space.

~k

+ Pt + + .; x

;P PP - x + k

Figure 4. This process also adds particles at
point ; in momentum space.

Taking these four processes into account including both spontaneous and

induced emission, we find that the particle-balance equation giving the time

rate of change of the particle distribution f+ for particles of type a at
Pa

point in momentum space is

.. "
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PQ+ +
-P- r-f (2)-9 dk d3po d3K f f+ 1 + (K, ) (Ng + 1)

PCa Ps PCa'P"

- f (2,)-9 d3 t d B d
3t 14fp f  wg +  + ' t)

PCB$ aQ+K,PB _K~t ~

(4)

+ ( 2)-9 d3 t d%[B d3t NJ f -+ f- I
+(2w) 9 d 3 t d3po d3t f+9 f* + P ++

Pa+I PBO+K p S~cp-K ~

The first term in equation (4) represents the rate of decrease of particle

density at point P. due to the bremsstrahlung process of figure 1. The func-

tion f+ is the distribution function for particles of species B, and N2 is
the photon distribution function. The factor I + 1 takes account of both

induced and spontaneous emission. An integral over all possible photon wave

vectors, scattered particle momenta h, and momentum transfers + also neces-

sarily appears in equation (4). The factors of 2w arise from counting quantum

states. Thus, for example, d3+/(2w)3 is the number of quantum states per unit

volume with momentum 4k in the interval d3k. The same phase-space normaliz-

ation for the particle distribution function as in Tsytovichl is used here,

namely,

n% f ' (5)
(2w)3 pa

where n. is the number of particles of species a per unit volume. The second

term in equation (4) represents the rate of decrease due to the inverse brems-

strahlung process of figure 2. The third term represents the rate of increase

IV. N. Tsytovich, Bremsstrahlung of a Relativistic Plasma, Tr. Fiz. Inst.
Akad. Nauk SSSR, 66 (1973), 191 [Proc (TRUDY) of P. N. Lebedev Physics Inst.,
66 (1975), 199).
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due to the inverse bremsstrahlung process of figure 3. The fourth term repre-

sents the rate of increase due to the bremsstrahlung process of figure 4.

Combining terms in equation (4) produces

Pa- dk d3po C3ic 94)r++N i 2 f* *f°= - ; w+a + + r ( + Nt+ )" %
3t (2w)9  Pap p(Kkk a Pf+ a-N fp+a- + +

Sd 3k d 3+ + (6)

2w)9dcw+ -. ++ +(K,r f+ f+ N + f- P+ + +(N , +
(2w) 9  pa+IK-'c [ 8-p~P+ a Pa+K p$-K+k k "

Breaking equation (6) into its induced and spontaneous parts results in

:/ -f+ \PC Pc ( Pa
at (t7t)

where the induced part (a3+fat)i is that proportional to the photon number

density N and the spontaneous part (af+ /t)s is that independent of N'.

Thus

d ~NZ f+ f+f 2 ( ,)+ + f + 1/i = -f (28) d ic Pa P8L ~ P - - (8) 1
(21r) ~ k P PS+~k

(WWBAilX Pa0 9 
- fp PO K* f8)

La P+I PB-ck

10

.. ""
"-' ' -"" "'"- " r '" -" . . " ; ' °"



- ~ ~ ~ ~ ~ ~ 7 -3 0p - ~--

(af~~~~) + -Jc dk df+ ~c f+

(2w) 9  LPWgP8" PC PB (9)

*1g _ w0,+, _+f J:k ,+

':

3. SOFT PHOTON AND SMALL MOMENTUM TRANSFER APPROXIMATION

We next assume that the momentum transfer t and the momentum t of the

radiated quantum are small relative to the relativistic particle momenta

and po, thereby enabling Taylor series expansions for wV + + + + f+_ ,

_ f+.,+, and fpZ+j in equation (8). Thus we assume that
P P

KI~~lI k < {PC,'IPB (10)

This is evidently consistent with the Born approximation for plasma, namely

that the relativistic particle momentum is much greater than the electromag-

netic impulse received by a plasma particle in a time interval given by the

inverse plasma frequency. 1 - 5  First expanding W+ - + + about in the

first variable, we obtain

IV. N. Tsytovich, Bremsstrahlung of a Relativistic Plasma, Tr. Fiz. Inst.
Akad. Nauk SSSR, 66 (1973), 191 [Proc (TRUDY) of P. N. Lebedev Physics Inst.,

P3% J66 (1975), 199).
P. - 2 A. V. Akopyan and V. N. Tsytovich, Bremsstrahlung in a Nonequilibrium

Plasma, Fiz. Plasmy, 1 (1975), 673 [Soy. J. Plasma Phys., 1 (1975) 371].
.3H. E. Brandt, Nonlinear Dynamic Polarization Force on-a Relativistic Test

Particle in a Nonequilibrium Beam-Plasma System, Harry Diamond Laboratories,
HDL-TR-1994 (1983).

4H. E. Brandt, Nonlinear Force on an Unpolarized Relativistic Test Particle
to Second-Order in the Total Field in a Nonequilibrium Beam-Plasma System,
Harry Diamond Laboratories, HDL-TR-1995 (1983).

5H. E. Brandt, The Total Field in Collective Bremsstrahlurg in a Nonequi-
librium Relativistic Beam-Plasma System, Harry Diamond Laboratories, HDL-TR-
1996 (1983).
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w1 + + + - w2 + + K 9

pC+,p-K+k ~p..p-,,K+; i api PC,p-,+C

a2w- (11)
+1 KK PaP-+k

Next expanding equation (11) to second order about po in the second variable

gives

W9 + . 9 + + (k . - ci) W9
Pa+K ,P-K+ PCPO apai PoPB

a2wg + aw9
%, 1 2I (~ - Pa' PO PC' P(12)(ki -i)(kj - ,j) 8 P~i 3 ,Bj + Ki p12

32w+O + 9 2wI +

PaPB 1 PC, PB
+i(kj - j) apaiaPoj + 2" KiJj apaiapa j

AIso in equation (8) the following Taylor series expansion applies:

f;f f++ "1I

P 1 PC 1

°.,+ ~ il~ apa P8(13)

or combining term produces "-

a f.-.. 1.8.11

- S 66+

4- 
3P .K .. ? .I;,;. ; / , :,,. . , [; ,t.'.' .; 2 (,e- .-.- -.- .--...- ;-.2.. ". 3 ''P-.'z- - -. '. : --



a f+

Po PO =dI -OKt /po aPot

32f+ af+
-~(I - kj(M- PB~f Pa+

Paapolap8* + p PO

af+ 3f+(14)
Pa PO P f+

+Ki(.ct - kt) apai gpot - i'~ p~p~

ap~a1jP

Also,

a f.
Ifa P+ Paa apoi

32f+ af+
1 PO Pa 1

- (kt - KJ)(kM - icMjf. -cf+-0

Pa apolapon PO apai

af+ af, a2 f,
Kik4 KI Pa PO 1 Pa -+ P

- Ic~ct ptJ ij apot T Ic POf apa±apaj

13



Substituting equations (12), (14), and (15) in equation (8) produces

4,~~ /a W d d3* 3; O f+\- -F"- w+ LKj (I -kl)f+
(I-;ptC f (2w)9 POI, P6(f C pl%

32 f+ f+

- Ct - kL)(Cm - km)f , + ,i f+ M

Pa Pa 3PzP +iK Ki f
Of* Of* a2f

Ki(K - k p) 0P aPp 2 i 3 PaiPaj P

Of+ 32f+ Of+PO I Po Pa
(Ici - si)f; + - - (kt KL)(kM - c)f+ 3pK 0 if+ 0 ~

Of+ Of+ a2f (16)

- q(kj - ) PtP0 2ij 0  PCPj
- -0 3P0 aL- j

+ - -i)(km )f. - ki -k i)i mf; 3

*~~)~ PaP IP Pl

3aoi Pa 3p0 , aPatJ

,w ~~ + _ "' 0 f-l

4'..The first and sixth terms of equation (16) cancel. Also, the third and eighth

'.toem cancel. Combining the fifth and tenth terms, the second and seventh
terms, and the fourth and ninth terms, and integrating the eleventh and

twelfth tori. by parts, we find that equation (16) becomes

4'...

-6, 4 % 4 ~ ~ '- - * -* - .... . . . .. .. . ..- 4.,,',h' : % " ' + "

aW2 + af. Of



'6

/af d3k d3po d3Kc 1~ +)jj-0c%
(2w) Pf (Kk 2fk, (m mf

at 1(c f 0t PC~ aP8olPi3Poj

PCi PO PCi

* I~k1  Icmff

+ a P L1 +0 [ ki -Ki (m - M~ +c 3 P 6 P (17)

af. af+
P8 Pai*

.4+ (ki - J K ac) pm oi apam)aP P0 ciI
[KFi~km -Km~f4+ - PC~i~f+SPC aPom P0 apoaJ

The first and fourth terns cancel; the second and fifth term combine; and

after terms are rearranged, equation (17) becomes

af+~ aw. + af
Pat f~ d3iZ d3p'o d3*K Pci'po Ny f,

(2wr)9 Ki :Pai kP P

a2f,

+ KJ-W +'~ (+,)k f+8 3PC

af+ 3W. + i,k)
- Ii~ej -k~) PO Pci'PO3JK j poj 9pai k Pc

P~qP1

P wj P ' P Ci
+ (+, +)

.5K k ) - apojPCFP apI
'p1*,



- < . - z- - - dI' W.1 -I 7 - - . - -

Equivalently,

P) ai d3k d3ie d3;0 CF .w. kN ](
+ ~ ~ ~ K~w + f+u a 3 c fB- + . ~

aap [ (2w)9  
.: P a'P]

"~~ a PO_ +' +'' ; o ,.,o 1

4. INDUCED RECOIL FORCE DUE TO BREKSSTRAHLUNG

Equation (19) may be rewritten in the form of a diffusion equation as

follows:

where the induced diffusion coefficient DQ~i j is given by

D POd ,:w + )CYl 1f (2w) 6  (2w) 3 f J. + 'P r "N f+ (

Pci a P ap P0 (0

and the induced dynamic friction force or bresetrahlung recoil force is givenfVd
3+ d

3, +~0,

(2w) 9  (0 ( 121"

a due to the induced bremstrahlung process* Energy conservation can be

explicitly factored out of the transition rate appearing in equation (22) as
follows. The brelmstrahlung transition probability Jp + in equation •

. . 1(22 ) must conserve energy. Therefore a-. 4 .4

qa e s fo t

ci•due to the-induced bremsstrahlun process. ne rgy conservation can be

;is." m.%" .% . .% ._ _-.% % . .. , ••%2,. ,,. -.. .-. . .... . . .- • '.-' ' '%. . - . - -. '. -.
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C+ + E+ =C + +E+ + + Wk (23)pa po 1K oi-

where denotes the total energy of the particle of species a and momentum 2
pa. Using the conditions in equation (10) produces, to lowest order,

= _ (24)

and
-.4

= + {+- i) • (25)

Next, using relativistic kinematics, we obtain

+f

=p[MC) + 2212 pc2

=p[(mac2)2 + Wc2 1'/2  C, - (26)

Using equation (26) in equations (23) to (25), then to lowest order in i"

and , we obtain

a ++
,, -K. Q + { - (27)

Factoring this expression of energy conservation explicitly into the brems- V

strahlung probability w ~a;(,e ) , we define the quantity J ,+( ,t) by

w Zlt) - Vj .8(tI){(w - 40, + (k - 1-%) (28)

.

177
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Substituting equation (28) in equation (22) gives

d3+.

da po d3+c d3k + + +
(2w)9 " " P ,P"

(29)

Equation (29) expresses the recoil force on a particle of species a due to

induced breasstrahlung as an integral over particle momentum 0' photon wave

vector , and momentum transfer . The integrand involves the particle dis-

tribution ft of the scattering particle, the bremsstrahlung transition rate

4_9 +(ZA),and the photon distribution "t.

The delta function in equation (29) expresses energy conservation in the

bremsstrahlung process in the soft photon and small momentum transfer approx-

imation for relativistic particles. Equation (29) agrees with Tsytovich's

(4.1)1 exactly. It differs in sign from equation (3) of Akopyan and

Tsytovich,2 which apparently has a typographical error.

a ' ~ ~The photon9) bedensity'.

photon density i equation (29) can be expressed in terms of the

associated field as follows. The power density delivered to the electromag-

netic field is given by

du

du _3 (30)
dt-

IV. N. Tsytovich, Bremsstrahlung of a Relativistic Plasma, Tr. Fiz. Inst.
Akad. Nauk SSSR, 66 (1973), 191 [Proc (TRUDY) of P. N. Lebedev Physics Inst.,
66 (1975), 199).

-
2A. V. Akopyan and V. N. Tsytovich, Bremsstrahlung in a Nonequilibrium

Plasma, Piz. Plasmy, 1 (1975), 673 ]Soy. J. Plasma Phys., 1 (1975), 371).
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Using Maxwell's equation

~xID3 (31)
at

in equation (30) produces

g= - -] _ .(32) "
*1 du

Equivalently, -'

du . - . + .t (33)

Substituting Maxwell's equation

- 34t

in equation (33) produces

du + + (35)

Equation (35) is the energy conservation theorem

du + (36)

19
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Iz
where is the Poynting vector

, (3?)

u is the energy density in the electromagnetic field, and

- = . T+ . . (38)
atat at

The Fourier representation of the electric field is

Af " dw L~kei(t'-tt) (39)

and

fd3lt dw Skei(t*rWt) .(40)

Also, by the plasma constitutive relations

Dki= ij(tIw)Ekj . (41)

Furthermore, taking the Fourier transform of equation (34) produces

Also,

L =oC2- (43)
Mo

20
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Next, using equations (39) to (43) and the appropriate Fourier repre- *.

sentations; in equation (38) gives

aU2 f ~erw txk) i(.+r-Wt) (4
+ = dk dA' dw W e)-w O k~ e

(45),

Subsituing quaion (45)i eqato (44c) gives

auc J i f~ ddk~ d ' W. Ekei~'( e E' *

+ LO1~ -- (46)

Substitutin eqtio (45) Sytin equation (4) giesndk roue

21..
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x ..Th oa field invove n + +esaun +
,

+ ec 2 (W + WI) ~ e*k E (47)

The total field involved in the bremsstrahiung process, Ek, is given

elsewhere, 5 namely,

*+4JR

9k 99(o) k (48)

where k(O) is the lowest order stochastic bremsstrahlung radiation field

and it is the regular nonradiative component. The bremsstrahlung field

written in terms of its polarization vector q is given by

= &PEOI , (49) -

where

= 1 .(50)
..

BH. E. Brandt, The Total Field in Collective Bremsstrahlung in a Nonequi-
* olibrium Relativistic Beam-Plasma System, Harry Diamond Laboratories, HDL-TR-

" 1996 (1983). "
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The stochastic properties of the bremsstrahlung field are approximated to the

needed order by

<=()> 0 (51)

and

< O-j .ki. a e I q(0)12 6(k + k,) (52)

(these are eq (49) and (50) of a previous work5 ). Therefore, substituting

equation (48) in equation (47), keeping only the lowest order bremsstrahlung

field, integrating equation (47) over time, and using equation (51), we find

that the ensemble average energy density in the field is given by

<u> = <u> + <u>R (53)

where g4

1:N:

<u>O - J <N dt> - f d dk' + [cij ,w)w<E0) (>

+ m,¢ij~,, (0<O(O) >] + e0c2 tot* _j010) o(O) >  "

is the bremsstrahlung part, and <u> R is the regular nonradiative part. Only

I <u>0 is needed for the present work.

5H. N. Brandt, The Total Field in Collective Bremsstrahlung in a Nonequi-""
librium Relativistic Beam-Plasma System, Harry Diamond Laboratories, HDL-TR- .

~~1996 (19831.""
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Substituting equation (52) in equation (54) and using the definition of

the four-dimensional delta function,

6(k) - 63(t)6(w) = (2,)- 4 J d3l dt e-i(tr*-t) (55)

produces

=+w Lekic:ij(w, wjeD j + ekiw cij(k',w1')ekj 61W + W')(56)

+0+: 41 •+C2 LL(+ +0 k'1k '., (,2 63.(. + t-')
+ 02 C ekek - k(w +W

In equation (56) we define

I(k) = f dk' 6(w + W') 63(Z + Z')[ekicij(,w)wej + eiw'cij(Z',w')ej].

(W + W.') (57)

Changing the variable w' to w" = w + W' and integrating over ', equation (57)

becomes
dw" a* + aa" FI(k) f U" 6(") kiij(k j + W -)eiiij (-kw wekj (58)

Expanding the second term in the integrand of equation (58) in a Taylor

series about w" = 0, then

1(k) - d" 6W ) iCij( [ w ek - we Giij(-,-w)e (.

W":I i i kk
+ W" - W(i - W)ei eij (4, W - W) 4 J}

" -,.(

By the reality of the fields, it follows from equation (41) that

E4 4 W - ei t )(60)
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Substituting equation (60) in equation (59) and simplifying the second term

.causes equation (59) to become

I(k) = 2i f 1- 6(w")w Im e'Im ijt .
(61)

aw iej(k w

The dielectric constant O(), w for mode o is defined in terms of the

dielectric permittivity tensor eij(tw)and the unit electric polarization

vectors P by

= eM w) ic(tiwOeo + Cc - (E-)Otef,* (62)ei* 0j C2 0 2W

(see Other Works by Tsytovich, Selected Bibliography).

Noting that the second term of equation (62) is real, and substituting

equation (62) in equation (61), we obtain

I(k) = 2iw Im e (k,w) f ! 6(,)
(63)

awei 1-i -, W)0

If mode decay or growth are ignorable, then the mode dielectric constant

£v(k,w) is real and the first term of equation (63) may be dropped. In that

case equation (63) becomes

I(k) = [wekiij-k,-wJekj . (64)

If we next integrate the second term in equation (56) and substitute

equations (50), (57), and (64), equation (56) becomes

" <u>O f " k L Ceki,,ci: (-k, -w)ekj)
* Lw(65)

4.' coc2  + 0 0 (0) 2+ -p- (k2 - Zoek kek]l IE•
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pi

Changing the variable of integration from k to -k in the first term only,

using the reality property of the fields to replace eG EOJ(0 ) by e

substituting equation (62), and simplifying, causes equation (65) to become

a 1 w[ c+c o(u> fd k w e W) -o er - ek k /
2

1.t4.,
(66)

£ c2
+ 2.... (k 2 

-IcI4)IEoFvPI

W2 k kjk

* Simplifying equation (66) results in

*<uOc f dk aotW) + w a CO W) + C k_2 C2I1 (0) 12 .(67)

The zeroth-order dispersion relation for the bremsstrahlung wave is given by

* the poles of the photonic Green's function G. in equation (22) of a previousii

paper 5 or, equivalently, the zeros of the determinant of G7 in equation (18)

of that paper.5  Thus the bremsstrahlung field 0(0) ms aif

-IJO ( + i6)

* Taking the inner product of equation (68) with ekij and using equations (49),

(50), and (62) and )il= eoc 2  produces

U04 ~* k2 ) + 0 - o (t +O)(1t . 0 (69)
.2(e kO0 2 k k

or

1c2c2 _ e9

-~ * (70)

5.E. Brandt, The Total Field in Collective Bremsstrahlung in a Nonequl-
librium Relativistic Beam-Plasma System, Harry Diamondl Laboratories HDL-TR-

1996 (1983).
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Substituting equation (70) in equation (67) results in

<u> f dk (2Eo( .w) + w ( ) (71)

Equivalently, equation (71) becomes

<u>0 = f dZ dw (e°(t, W)W2) Ea(°) 12 72

One can also express the energy density in the field in terms of the photon

number density N as follows:

ds,.

<U> (73)(2 ) 3 ' -K

where c is the frequency of the mode o as determined by the dispersion rela-

tion. Equivalently, equation (73) may be written

a d3t dw= sC - (74)
<U()3 ." (2 (7

Comparing equations (72) and (74), we find

aa 403 a Fa U'""

Nj6(w - T =k ( _ (t,W)W2)1jE')j . (75 ).

Equation (29) may be equivalently written
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d3Z d dc d3+" .,'O Ic, = f + ) V - +C () , , Z

(2w)9  P ap

++(76)

X,. V , 8 ,,-,+(O6 - ,.va + -

where the integral of a delta function over t has been inserted. Therefore,

after substituting equation (75) in equation (76), we finally obtain

:?,.:(77)

- ,,Equation (77) expresses the general form for the force on a particle due to
Sinduced bremsstrahlung. The dispersive properties of the beam-plasma system

enter explicitly in equation (77) through the dielectric constant o(lt,) and

implicitly through the transition probability.

-p

-p5. CONCLUSION

The general form has been derived for the collective bremsstrahlung recoil

force in a nonequilibrium relativistic beam-plasma system, namely,

'4 o= d3p8  3+ 3
.1- -I dK d _ K f+).( _f )VV + (Ki)(2w)- "+ e t. p P a, P

x N16(4j - k- ( - *))4 8 ) (78)
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Here ais the force on a particle of species a and velocity $,* due to its

participation in a bremsstrahlung process in which it interacts with a parti-

cle of species a and velocity t8' resulting in a momentum transfer - to

that particle. A bremsstrahlung photon of wave vector t and frequency Wk in

mode a is emitted. The functions f. and N a are the particle and photon

distributions, respectively, and V+ + is the bremsstrahlung transition rate

with energy conservation already factored out. The photon distribution func-

tion can be expressed in terms of the bremsstrahlung field by equation (75)

to obtain an equivalent form given by equation (77). Equation (78) was used

by Akopyan and Tsytovichl' 2 to obtain an expression for the collective brems-

strahlung transition rate by means of direct comparison with another expres-

sion for the collective bremsstrahlung recoil force, which was determined from

the equation of motion for a dynamically polarized test particle undergoing

bremsstrahlung.

The present calculation, together with previous work by the author (see

Selected Bibliography), is important for ongoing work in calculating collec-

tive radiation processes and conditions for the occurrence of radiative in-

stability in relativistic beam-plasma systems.

IV. N. Tsytovich, Bremsstrahlung of a Relativistic Plasma, Tr. Fiz. Inst.
Akad. Nauk SSSR, 66 (1973), 191 [Proc (TRUDY) of P. N. Lebedev Physics Inst.,
66 (1975), 199).

2A. V. Akopyan and V. N. Tsytovich, Bremsstrahlung in a Nonequilibrium
Plasma, Fiz. Plasmy, 1 (1975), 673 [Soy. J. Plasma Phys., 1 (1975), 371].
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